Procedure and Methods
In general, the procedure used in the present experiments were similar to those described in previous papers from this laboratory [see Krebs & Eggleston, 1940] .
The liver from well-fed pigeons was removed immediately after death and minced in a small hand mincer of the "Fischer " type since the amount of tissue from a single pigeon was insufficient for the use of the " Latapie " mill available. The state of subdivision of the minced tissue is similar to that obtained with the latter apparatus. For each g. of wet tissue, 6-5 ml. of ice-cool, Ca-free phosphate saline [Krebs & Eggleston, 1940] were added. 3 ml. of the suspension were pipetted into conical Warburg vessels and further additions of substrates, water etc. arranged to give a final volume of 4 ml.; thus each ml. of the final suspension contained 100 mg. (wet wt.) of tissue. Preliminary experiments indicated that these conditions gave optimal respiration. Pyruvate is utilized by the suspensions at a rate equal to that of sliced pigeon liver. The use of the minced tissue in the present experiments was preferred since it permits the use of relatively larger quantities of tissue with consequent increased experimental effects.
In the aerobic experiments the vessels were filled with 02 and NaOH was placed in the ceptre cups: in the anaerobic ones the gaseous phase was N2 and the centre cups contained yellow phosphorus. The temperature of the bath in all experiments was 400. Substrates were usually added from the side arm of the vessels after an equilibration period of 10 min. Malonate, however, was added directly to the liver suspension in order to eliminate the induction period preceding its inhibiting effect. Acidic substances were added as neutral Na salts.
In those experiments in which x-ketoglutarate and succinate were dletermined, the vessels were removed from the bath at the end of the experimental period, 2 ml. sodium tungstate added and the solution washed into a measuring cylinder and quickly diluted to 20 ml. with water. 2 ml. 0-66N H2SO4 were immediately added and the protein precipitate was then filtered off. The determinations were carried out on an aliquot of the filtrate.
A similar procedure was followed when citrate was estimated, except that trichloroacetic acid (5 ml. 7 % per 4 ml. tissue suspension) was used to deproteinize the solutions.
When pyruvate was to be measured, the reaction was stopped at the end of the experimental period by the addition of 1 ml. 3M acetate buffer of pH 5 for each 4 ml. of suspension. The contents of the vessel were filtered and an aliquot of the filtrate used for the determination. Pyruvic acid was determined by the carboxylase method. The respiratory quotient was measured by the method of Warburg & Yabusoe [1924] . Succinic acid was determined manometrically [Szent-Gy6rgyi & Gozsy, 1935; Krebs, 1937] after ethereal extraction from the tungstate-deproteinized solution. Citric acid was determined by the method of Pucher et al. [1936] . Acetoacetic acid was estimated by the aniline reaction of Ostern [1933] as modified by Edson [1935] . Fumaric acid was reduced to succinate and determined as the latter; the details of this method will be published shortly.
In earlier experiments oc-ketoglutarate was determined directly in the deproteinized solutions by the method of Krebs & Eggleston [1940] If the inhibiting effect of malonate is due to its inhibition of succinic dehydrogenase, it follows that under the conditions of these experiments neither the utilization of pyruvate nor the uptake of 02 by minced liver requires the activity of succinic dehydrogenase.
The effect of fumarate. The addition of fumarate together with pyruvate to minced pigeon liver has little effect on the 02 uptake qr on the utilization of pyruvate. In the presence of malonate a similar result is obtained (Table 4) .
These results are, again, in contrast to those obtained with muscle where the addition of fumarate to malonate-poisoned tissue causes the disappearance of an amount of pyruvate equivalent to the added fumarate and an increase in the consumption of 02 of 2-3 molecules for each molecule of pyruvate disappearing. The question therefore arises as to the details of the process of pyruvate utilization in this tissue. Since during the initial stages of the reaction, the oxidation of pyruvate is incomplete (as indicated by the 02/pyruvate ratio of 0.6) it is to be expected that intermediate metabolites appear in the suspensions. In fact, two substances which must be considered as products of the incomplete oxidation of pyruvate were found to accumulate in pigeon liver suspensions under the conditions of these experiments: acetoacetate and oa-ketoglutarate.
The formation of acetoacetate from pyruvate by liver has been previously described [Embden & Oppenheimer, 1913; Annau, 1934; Edson, 1935] . In the experiments with'minced tissue Qacetoacetate is of the same order of magnitude as found with sliced tissue. In the presence of malonate (Table 7) , there is an increase and on the addition of fumarate a decrease in the amount of acetoacetate present. This is in agreement with the earlier results of Annau [1935] . The synthesis of oc-ketoglutarate from pyruvate by pigeon liver has not been previously described although the ability of this tissue to synthesize glutamine from ammonium pyruvate suggested that oc-ketoglutarate was formed as an intermediate [Orstrom et al. 1939] . When pigeon liver is incubated aerobically with pyruvate, oc-ketoglutarate rapidly appears as illustrated'in Table 5 where Table 7 . Whilst malonate (M/400) has no effect on the quantities of pyruvate or 02 consumed, increased quantities of both acetoacetate and of ketoglutarate plus succinate are found. On the assumption that each molecule of acetoacetate and of ketoglutarate and succinate require two molecules of pyruvate for their formation, the bulk of the pyruvate disappearing can be accounted for in terms of these two metabolites. In the experiment of II. The citric acid cycle in pigeon liver Oxidation and synthesis of citrate. In the preceding section it has been shown that oc-ketoglutarate can arise directly from pyruvate in pigeon liver. The further oxidation of oc-ketoglutarate would lead to oxaloacetate and this substance may possibly be further metabolized, as in muscle, by condensing with additional pyruvate to form citrate, i.e. by the citric acid cycle. The presence of the citric acid cycle in pigeon liver would require that the tissue should be capable of oxidizing citrate at a rate at least one-sixth that at which 02 was being consumed and also that citrate could be synthesized from pyruvate and oxaloacetate. That pigeon liver satisfies both these criteria is demonstrated in Tables 8 and 9 . In Table 8 Qcitrate is -14@3 as compared to QO of -16-2: the oxidation of citrate occurs at a rate far more rapid than that required by theory. Table 9 illustrates the anaerobic synthesis of citrate in pigeon liver from oxaloacetate and pyruvate.
Qcitrate, which in the presence of pyruvate alone is very small, is increased to about 7 in the presence of M/20 oxaloacetate and to about half this amount when the oxaloacetate concentration is M/40. Together with citrate, a-ketoglutarate is formed under these conditions-in relatively large amounts. From analogy with muscle, one may conclude that this arises from the oxidation of citrate to oc-ketoglutarate by oxaloacetate. The rate of citrate synthesis, as calculated in these experiments from the quantity of citrate found, is therefore minimal and a more precise estimation of the rate of citrate synthesis should be based on the amounts of citrate plus oa-ketoglutarate formed.
In muscle, the synthesis of citrate from oxaloacetate and pyruvate as well as the oxidation of citrate to ketoglutarate is coupled with the reductive formation of one mole of malate [Krebs, 1940,1, 2] . If a similar reaction occurred in liver, therefore, one would expect to find a quantity of malate and fumarate formed, equal to one mole for every mole of citrate produced plus two moles of malate for each mole of ketoglutarate. In Table 10 an experiment in which oxaloacetate alone was added indicates that malate and fumarate are formed in quantities of the magnitude expected. In this experiment the quantity of oxaloacetate added was small and little citrate was found, the bulk of the citrate having been further oxidized to ketoglutarate. The quantity of malate plus fumarate necessary to account for the citrate and ketoglutarate formed should be, as calculated from the above considerations, 405 iul., whilst 580 ul. were found. formation from pyruvate without added C4 dicarboxylic compounds. There are, therefore, two cyclic processes in liver, the citric acid cycle, and another cyclic series of reactions similar to that discussed by Toeniessen & Brinkmann [1930] and by Elliott et al. [1937] (1) 2 pyruvate --ketoglutarate -> succinate --fumarate -* oxaloacetate -+ pyruvate + C02 .
According to the latter scheme oxaloacetate reacts by way of decarboxylation whilst in the citric acid cycle it condenses with pyruvate to yield citrate. Data in reference to the relative importance of the two cycles have already been presented in Table 9 . If oxaloacetate according to scheme (1) was entirely decarboxylated to pyruvate then the effect of oxaloacetate should be simulated by the addition of an appropriate quantity of pyruvate. As illustrated in Pigeon muscle is apparently incapable of synthesizing appreciable quantities of the dicarboxylic acids which are catalytic agents in its oxidation of carbohydrate. The ability of the pigeon liver to synthesize oc-ketoglutaric acid, therefore, may be of general metabolic significance, the liver acting as a source of these compounds (possibly transported in some other form) for those tissues incapable of their direct formation. SuiMMiRY 1. Pyruvate is rapidly oxidized by minced pigeon liver in a calcium-free. phosphate saline medium, the 02/pyruvate being about 0 6 and the R.Q. about I 4.
2. The utilization of pyruvate and 02 in pigeon liver, unlike the similar reaction in muscle, is not inhibited by malonate. The addition of fumarate to malonate-poisoned liver is likewise without effect.
3. The reactions by which pyruvate is removed when present in high concentrations (0-02-0-04M) result in an accumulation of oc-ketoglutarate. In the presence of malonate, acetoacetate and succinate accumulate in addition to o-ketoglutarate, and under these conditions the pyruvate utilized can be completely accounted for in terms of these three substances. The formation of ocketoglutarate in liver does not require the addition of a C4-dicarboxylic acid as does the similar reaction in muscle.
4. Oxaloacetate and pyruvate react in liver, as in muscle, to form citrate and a-ketoglutarate. Added citrate is rapidly oxidized by liver. These facts indicate that the citric acid cycle can occur in pigeon liver.
5. The relative importance of the citric acid cycle and the formation of oc-ketoglutarate from pyruvate may be assessed from the relative rates of the two reactions. oc-Ketoglutarate arises from oxaloacetate and pyruvate at least 4-5 times as rapi4ly as from pyruvate alone, and it is probable that at low physiological concentrations, pyruvate is metabolized largely by way of the citric acid cycle. The direct synthesis of oc-ketoglutarate is the main reaction of pyruvate removal only when the concentration of pyruvate is high, or when no oxaloacetate is available, e.g. in malonate-poisoned tissue where the citric acid cycle is interrupted.
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